REVIEW ARTICLE Microgenomics: gene expression analysis at the tissue-specific and single-cell levels by Stephan P. Brandt
REVIEW ARTICLE
Microgenomics: gene expression analysis at the
tissue-speciﬁc and single-cell levels
Stephan P. Brandt*
Technische Universita ¨t Darmstadt, Institut fu ¨r Botanik, Schnittspahnstraße 3–5, D-64287 Darmstadt, Germany
Received 25 October 2004; Accepted 28 October 2004
Abstract
Plant organs are composed of many different cell types
and the analysis of ‘bulk’ material results in the average
of all information in these cells. Therefore, this does not
reﬂect any individuality of the tissues present in plants.
This review brieﬂy summarizes different sampling
methodswhichprovidetissue-andcell-speciﬁcsamples,
respectively.Inaddition,geneexpressionanalysistools
that allow the analysis of transcripts in minute samples
are discussed in detail. The combination of both ap-
proaches results in high resolution gene expression
data, which increases understanding of plant physi-
ology in such diverse areas as primary and secondary
metabolism, plant defence or stress response.
Key words: Array hybridization, cDNA libraries, gene expres-
sion pattern, glass capillary, homomeric tailing, linear antisense
ampliﬁcation, microdissection, RT-PCR, single cell analysis,
tissue speciﬁcity.
Introduction
Multiparallel methods such as GC-MS for metabolites or
microarray hybridization for mRNA expression have pro-
vided a vast amount of information about plant physiology.
With respect to gene expression, transcriptomes from dif-
ferent plants or organs at different physiological states can
now be monitored and compared (Seki et al., 2004). As a
huge amount of genetic information is now available,
science has entered the post-genomic era and one of the
major challenges will be revealing the function of genes
and their products. mRNA expression proﬁling, which
represents the most prominent high throughput method
for gene expression analysis, requires comparatively large
amounts of starting material. Consequently, it is not directly
applicabletotissue-andsingle-cell-speciﬁcsamples(Brandt
et al., 2002; Meyers et al., 2004). Therefore, with respect to
tissue- or cell-speciﬁc gene expression only a small amount
of informationis available.Consequently,in thisﬁeld,plant
sciencesarestillintheinfancyofthegenomiceraratherthan
in the post-genomic era.
The high degree of plant differentiation can be observed
macro- and microscopically. Anatomical differentiation is
accompanied by biochemical and physiological differenti-
ation. Particular physiological processes are allocated to
specialized cell types. For instance, photosynthesis is re-
stricted to mesophyll cells. Another prominent example is
that phloem loading occurs in companion cells, which are
metabolically completely different from the parenchyma-
teous cells in their vicinity. Furthermore, isoforms of genes
may be allocated to different cell types (Laval et al., 2002).
Even ‘homogenous’ tissues like leaf epidermis exhibit
gradients regarding ion and metabolite distribution (Fricke
et al., 1995).
Most experiments described in the current literature rely
on ‘bulk material’ and, consequently, do not reveal this
individuality. Homogenization and analysis of entireorgans
result in (i) averaged information (Levsky and Singer,
2003) and (ii) information, which cannot be assigned to
particular cell types. Physiological contributions of cell
types which are by far outnumbered may not be recognized
(a phenomenon which also depends on the sensitivity of the
assay). For example, transcripts of the potassium channel
KST1 could not be detected by northern blot hybridizations
of total RNA extracted from potato leaves. However, after
an enrichment of guard cells prior to RNA extraction KST1
expression could be demonstrated (Kopka et al., 1997).
Some reports claimed the investigation of only a small
tissue biopsy. Although the fresh weight of the samples was
reduced to the sub-microgram range, due to the lack of
accurate cell separation such samples are often far away
from any tissue speciﬁcity (Harrison et al., 1997; Hertzberg
et al., 2001). This demonstrates the overall importance of
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of size) is critical in analyses with spatial resolution.
Generally, the less a method interferes with the whole
plant metabolism the smaller is the resulting sample and the
more delicate is the subsequent analysis. Therefore, sam-
pling methods can be distinguished by their extent of
interference. With respect to gene expression, the crucial
point for small samples representing only a few cells is the
ampliﬁcation of mRNA prior to analysis. This can be
accomplished by several speciﬁcally designed methods
(adapted from ‘bulk material’ methods or newly developed)
either on one, several or all transcripts at the same time.
Recently, reviews have been published on methods for
tissue-speciﬁc analysis of metabolites and some physico-
chemical parameters (Kehr, 2001, 2003; Tomos and Sharrock,
2001). A brief introduction to the different strategies for
obtaining tissue-speciﬁc samples, down to individual cells,
is presented here. Subsequently, the gap will be closed and
methods to analyse gene expression on the tissue-speciﬁc
scale will be discussed in detail. The focus will be on
methods, which have already been successfully applied to
plant samples. In addition, protocols will be referred to
which have been exclusively used in animal or human
research so far, but will have a high potential in plant
science in the future.
Sampling strategies
Methods for sampling are reviewed in detail by several
authors (Bligny and Douce, 2001; Kehr, 2001, 2003;
Outlaw and Zhang, 2001; Tomos and Sharrock, 2001;
Cornea and Mungenast, 2002). A non-comprehensive
selection of current sampling strategies classiﬁed by their
interference with the overall plant metabolism is listed
brieﬂy here. Figure 1 illustrates the principal strategies for
sampling and gene expression analysis. A detailed over-
view about the combination of sampling and analysis
methods is presented in Table 1, which will be discussed
in depth in the section ‘Gene expression analysis’.
Non-invasive sampling
Non-invasive sampling methods do not interfere with the
plant or at least do not cause any wounding. With respect to
gene expression analysis, there is only one method avail-
able (Table 1), which is the generation of transgenic plants
carrying a promoter–reporter gene construct. As no sam-
pling is involved in this method, the details are discussed in
the section ‘Gene expression analysis’ below.
Minimal invasive sampling
Sampling can be carried out with minimal invasion by
means of ﬁne glass capillaries (Table 1). The technical set-
up of the method is similar to that of the pressure probing
technique. Glass microcapillaries are mounted on a micro-
manipulator allowing the penetration and aspiration of an
individual cell under optical control. This procedure is not
restricted to surface cells (Jones and Grierson, 2003), but
inner cell types such as mesophyll cells (Lu et al., 2002) or
speciﬁc phloem cells can also be sampled (Brandt et al.,
1999; Raps et al., 2001). Typical volumes are in the range
of tens to hundreds of picolitres, depending on the cell type
and plant species. Consequently, most standard protocols
such as northern blot or microarray hybridizations are not
feasible since they need much larger sample sizes (Brandt
et al., 2002). Therefore, specially designed methods are
required for gene expression analysis in these samples (see
below). One major advantage of this sampling method is
that only one single cell is (or for inner cell types: only
a few cells are) destroyed, and in terms of the whole plant
this destruction is minimal. Therefore, investigations on the
living specimen can be conducted to determine concentra-
tion changes and metabolite ﬂuxes (Kehr, 2001).
Invasive sampling
Invasive sampling strategies serve the purpose of massively
enriching the cell type of interest (except in situ methods,
see below). This opens a wide range of standard protocols
for cell-type-speciﬁc analysis (Table 1). By enriching cells,
the physiological integrity of organs is totally abolished.
For example, organs can be enzymatically digested to
create protoplasts which are subsequently sorted by phys-
ical properties, such as size, presence of chloroplasts or
markers (Birnbaum et al., 2003; Ivashikina et al., 2003).
Alternatively, organ cell layers can be peeled off (Gaedeke
et al., 2001). Consequently, the interference with the
plant’s physiology is massive (e.g. the loss of a leaf has
a high impact on the overall photosynthetic capacity and on
the biomass of this individual). However, enrichment of
cells of the same kind results in averaged information about
Fig. 1. This scheme shows a ﬂow chart of different strategies for
sampling and gene expression analysis. Whereas in planta analysis (1)
usually does not need any nucleic acid ampliﬁcation, sampling cells [e.g.
by glass capillaries (3)] depends on the ampliﬁcation of RNA prior to
analysis. Tissue sectioning and enrichment of cells (2) are intermediate
and can be done with or without an ampliﬁcation step depending on the
subsequent analysis strategy (e.g. in situ RT-PCR and in situ hybridiza-
tion, respectively). Grey shaded boxes mark different ‘sampling’
strategies. For full details see text.
496 Brandtthis particular cell type. General differences between
samples may be recognized, but the cell-to-cell difference
within a given sample is lost (Gehwolf et al., 2002).
Furthermore, the extreme interference with metabolism can
result in gene expression alterations (Grosset et al., 1990;
Titarenko et al., 1997; Birnbaum et al., 2003). However,
this effect might be minimized by using transcription and
RNA degradation inhibitors (Leonhardt et al., 2004).
Other methods require a ﬁxation step prior to sampling,
which, among other things, reduces alterations in gene
expression. After ﬁxation and sectioning, cells of interest
can be isolated from the tissue by micromanipulation. This
can be carried out mechanically either by razor blade
fragments (Outlaw and Zhang, 2001) or by vibrating steel
chisels (Brandt et al., 2003). More sophisticated systems
use laser beams for cell isolation (as well as for transfer of
isolated tissue). These techniques have been described in
detail recently (Cornea and Mungenast, 2002; Kehr, 2003;
Kerk et al., 2003).
By contrast to the invasive methods described so far, in
situ methods do not require any tissue enrichment. They are
performed directly on ﬁxed tissue sections which means
that they are analysis rather than sampling methods. There-
fore, they are discussed in the ‘Gene expression analysis’
section below.
Gene expression analysis
In this second section, the advantages and disadvantages of
different gene expression analysis protocols which have
been applied to plant samples, are discussed. However,
some outstanding protocols that have great potential and
should, therefore, be applied to plant single-cell analysis in
the future, will also be emphasized. Generally, the methods
can be classiﬁed in two major groups: (i) methods, which
do not need any ampliﬁcation and (ii) those which require
an ampliﬁcation step prior to analysis (Table 1).
Analysis without ampliﬁcation
Non-invasive analysis: The starting point is a DNA con-
struct which consists of a reporter gene under the control of
a promoter sequence, which is derived from the gene of
interest. After successful plant transformation the expres-
sion of the reporter gene can be monitored in these plants or
their progenies reﬂecting the expression pattern of the gene.
Ideally, the product of the reporter gene does not need any
substrates (see below) such as ﬂuorescent proteins like GFP
(or one of its derivatives; Ehrhardt, 2003). Reporter genes,
which require a substrate such as GUS or luciferase, are not
suitable for non-invasive experiments since the application
of the substrates is a major intervention in the metabolism
of cells. Furthermore, these assays often need ﬁxation,
embedding and tissue sectioning (de Ruijter et al., 2003)
turning them into invasive methods.
Depending on the insertion locus into the genome, the
introduction of such a construct may or may not inﬂuence
the metabolism of the plant. Nevertheless, this method can
be termed non-invasive as the assay of ﬂuorescent proteins
itself does not interfere with any metabolic processes (see
above). Therefore, the in vivo expression of the respective
gene is accurately reﬂected and can often be assigned even
to cell compartments (Erhardt, 2003). Recently, Mirabella
et al. (2004) also demonstrated the use of ﬂuorescent
proteins to monitor gene activity dynamics.
Table 1. A summary of combinations for different methods of sampling and analysis
Gene expression analysis methods are listed vertically, different sampling methods are listed horizontally. The respective cells give the possibility of
a certain combination of a sampling protocol and a gene expression analysis method. ‘Theoretically yes’ indicates combinations which have not been
used so far. Where applicable, references are given.
Gene expression
analysis method
Non-invasive Minimal invasive Invasive
In planta Glass capillary In situ Micro-dissection Tissue enrichment
Reporter gene de Ruijter et al., 2003 Brandt et al., 1999 de Ruijter et al., 2003 No Ivashikina et al., 2003
cDNA library
construction
No No No Theoretically yes Mu ¨ller-Ro ¨ber et al., 1995
Hybridization No No Engler et al., 2001 Theoretically yes Kopka et al., 1997
Microarray
hybridization
No No No Theoretically yes Leonhardt et al., 2004
Ampliﬁcation prior to
In situ detection No No Koltai and Bird, 2000 No No
cDNA library
construction
No Karrer et al., 1995 No Asano et al., 2002 Dresselhaus et al., 1995
Gel electrophoresis No Brandt et al., 1999 No Brandt et al., 2003 Richert et al., 1996
Microarray
hybridization
No Brandt et al., 2002 No Nakazono et al., 2003 Theoretically yes
Single cell gene expression analysis 497The creation of transgenic plants is laborious and ex-
tremely time-consuming. Only for a relatively limited
numberofplantspeciesare transformationandregeneration
protocols available so far. Furthermore, it is restricted to the
analysis of one gene (or a few genes) per transformation,
making it even more cumbersome and time-consuming.
Nevertheless, the use of reporter genes is a very useful and
widespread method since it does not need any specialized
equipment (such as micromanipulators or laser capture
microdissection systems). In particular, it is a feasible
strategy if the spatial and temporal expression pattern of
the gene of interest is expected to be complex.
Analysis following invasive sampling: After enrichment of
material either by tissue peeling, cell enrichment, or
microdissection (see above, Table 1), northern blot hybrid-
izations, the classical method for gene expression analysis,
can be performed (Kopka et al.,1997). Once a northern blot
is prepared, it can be hybridized repeatedly which makes
one sampling event accessible for multiple analysis. There-
fore, quantitative gene expression analysis relative to
housekeeping genes is possible. Furthermore, it is easy to
perform, does not depend on expensive equipment, and
exhibits virtually no technical bias which would compro-
mise the results (in contrast to ampliﬁcation-based proto-
cols, see below). A big step forward towards a greater
throughput is the use of array hybridizations instead of
northern blot hybridizations due to its powerful multi-
parallel character (Birnbaum et al., 2003; Leonhardt et al.,
2004).
Much more challenging is (ﬂuorescent) in situ hybrid-
ization (Table 1). After ﬁxation and sectioning of tissue,
labelled antisense probes can be hybridized to mRNA
transcripts, which are present in the sections. A recent
improvement to in situ hybridization is the so-called colour
bar coding method (Levsky et al., 2002). This method
combines spectrally distinct ﬂuorescent dyes to provide
more (virtual) colours for detection. One transcript is
represented by at least two differentially labelled probes.
This increases the speciﬁcity of the readoutif more than one
transcript needs to be detected. Consequently, the tran-
scription of up to 11 genes could be analysed simulta-
neously. Due to its parallel character, colour bar coding will
doubtless speed up gene expression analysis, not only in
animal and human, but also in plant research in the future.
As hybridization speciﬁcally takes place within the tissue
sections, spatial information of mRNA abundance is pre-
served and excellent qualitative expression data are pro-
vided (Engler et al., 2001). Because cell isolation can be
omitted and only one hybridization is required to cover all
cell types in a tissue section, the analysis is accelerated.
Generally, in situ hybridizations are a valuable tool if the
spatial expression pattern of a gene within tissues is com-
plex. Since different cell types may exhibit different mRNA
accessibility and hybridization efﬁciencies, quantitative
interpretation of gene expression levels might be difﬁcult
and has to be considered with caution (Shu et al., 1999).
Ampliﬁcation prior to analysis
If an enrichment of cells is not possible or only results in
limited amounts of material, standard methods like northern
blot hybridization are not applicable (see above). An
ampliﬁcation step is then required prior to analysis. In
recent years, a couple of protocols for the ampliﬁcation of
single, several or all transcripts in parallel from small tissue
specimens have been established (Fig. 1). These methods
are very diverse, although most include a PCR-based
ampliﬁcation step (Table 2). However, so far not all of
them have been successfully applied to plant systems.
One reason for this might be the existence of cell walls
in plant tissues, which make cell isolation more difﬁcult.
Furthermore, these methods are intensively used in the
non-academic clinical ﬁeld (e.g. in prenatal and cancer
diagnostics), which provides a strong driving force for
development and application of new strategies.
Single transcript ampliﬁcation: Starting from ‘normal’ tube
RT-PCR this method was adopted to work on samples even
as small as individual protoplasts (Richert et al., 1996) and
single cell samples derived by glass capillaries (Brandt
et al., 1999). Furthermore, the applicability to (mechan-
ically) microdissected tissue could be demonstrated (Brandt
et al., 2003).
To obtain quantitative information, Lu et al. (2002) have
developed an assay for relative quantiﬁcation. After per-
forming two PCR reactions on a split cDNA sample, the
amount of synthesized cDNA of the gene of interest is
normalized to the amount of produced cDNA of a house-
keeping gene. This approach allows the quantitative com-
parison between samples.
To avoid repeated sampling a given sample can be used
several times. If an oligo(dT)-primer bound to (magnetic)
beads serves as primer for reverse transcription, a bead-
bound primary cDNA library can be constructed. After
each PCR reaction, the cDNA is recovered (Fellmann et al.,
1996; Jones and Grierson, 2003). This approach decreases
the number of samples required for a set of experiments
thus saving time and, more importantly, avoiding multiple
sampling of the same individual.
In nested PCR an ‘outer’ primer pair is used in a ﬁrst
round of PCR, which is raised against conserved regions of
a gene family. This primary ampliﬁed cDNA pool provides
sufﬁcient template for several second-round PCR reactions,
which make use of unique (‘inner’ or ‘nested’) primer pairs.
Because the ‘outer’ primers have to be raised against
conserved regions, the applicability of this approach is
restricted to genefamilies. On the other hand,the sensitivity
of the assay is extremely high due to two rounds of PCR
making it suitable even for very low-abundance transcripts
in samples of small size (Jones and Grierson, 2003).
498 BrandtBecause all these protocols rely on routinely used
technology they are easy to perform and are of low cost
as no special reagents (e.g. enzymes, labelled nucleotides,
dyes) are required. Furthermore, they are versatile and can
be used for many gene–tissue–species combinations with-
out further adaptation (Brandt et al., 1999). The straightfor-
ward nature and speed of analysis make these RT-PCR
protocols the method of choice for preliminary experiments
and for routine analysis of gene expression, when only
a few genes are aimed to be monitored.
Foranabsolutequantiﬁcationofgeneexpression,realtime
RT-PCR has been applied to ‘bulk samples’ obtained in the
medical, animal, and plant ﬁeld. Quantitative PCR has been
also successfully adopted for cell-type-speciﬁc samples of
microdissected human tissue (Gjerdrum et al., 2004) and for
more than 100 pooled Arabidopsis thaliana leaf protoplasts
(Ivashikina et al., 2003).These comparatively ‘large’ sample
sizeswereamenableforRNAextractionandpuriﬁcationprior
to analysis. Although real-time PCR has also been used for
expressionanalysisinindividualanimalandhumancells(He
Table 2. Different ampliﬁcation strategies
A short description is given, for details refer to the text. References in italics indicate those which represent plant examples.
Method Ampliﬁcation strategy
a Reference
Single transcript ampliﬁcation
Speciﬁcally primed RT-PCR Primers raised against a speciﬁc gene are used in the PCR reaction. Intron
spanning primers allow to distinguish between genomic and cDNA origin of
the products making DNase treatments prior to PCR obsolete.
Richert et al., 1996;
Brandt et al., 1999
Real time RT-PCR Although no application using real time PCR for plant single cell analysis has
been published so far, this method would open the horizon to quantitative
analysis.
He et al., 2002;
Volkov et al., 2003
Nucleic acid sequence based
ampliﬁcation (NASBA)
cDNA is synthesized by a sequence speciﬁc 39-primer harbouring a T7
promoter. Using a second (upstream) the complementary strand is produced.
T7 RNA polymerase synthesis antisense RNA molecules which serve as
templates for a second round of ampliﬁcation.
Deiman et al., 2002;
Vaskova et al., 2004
Ampliﬁcation of transcript subsets
Differential display RT-PCR In the PCR a (dT)15-primer is used in combination with an arbitrary primer
which binds statistically to the cDNA. Consequently, all cDNA molecules
which are bound get ampliﬁed.
Liang and Pardee, 1992;
Bauer et al., 1993;
Brandt et al., 2002
Multiplex RT-PCR Although no plant single cell application has been published so far, this
method could be transferred to minute amounts of starting material with
reasonable effort. In one reaction tube, primer pairs raised against different
genes are combined. This reduces the number of samples as well as the work
and time needed.
Recchi et al., 1998;
Ponce et al., 2000
Nested RT-PCR In a ﬁrst round of ampliﬁcation, primers raised against conserved regions of
e.g.a genefamily are usedto amplify all members.In asecond round an aliquot
of the ﬁrst round is ampliﬁed by ‘inner’ primers speciﬁc for a single gene.
Massengill et al., 1997;
Jones and Grierson, 2003
Global transcript ampliﬁcation
Tailing Terminal deoxynucleotidyltransferase synthesizes homomeric ends (tails) to
the 39 end of any cDNA molecule. The PCR is performed with the
complementary homomeric primer and a (dT)15-primer.
Dresselhaus et al., 1994;
Klein et al., 2002
Adaptor ligation The ﬁrst strand cDNA is converted into a double strand and adaptors are
ligated to the unknown sequence end of the cDNA molecules. Its sequence as
well as a (dT)15-primer serve as primers in PCR.
Karrer et al., 1995;
Gallagher et al., 2001
Template switching Some reverse transcriptases exhibit a terminal deoxynucleotidyltransferase
activity, which synthesizes some Cs at the 39 end of the nascent ﬁrst strand.
By adding a complementary Gn-primer, the transcriptase switches over to this
new template elongating the cDNA ﬁrst strand with its complementary known
sequence. This primer in combination with a (dT)15-primer can be used in
a subsequent PCR.
Petalidis et al., 2003;
Voelckel and Baldwin, 2003;
Ivashikina et al., 2003
Linear antisense RNA
ampliﬁcation
The (dT)15-primer for the reverse transcription also harbours a
T7-RNA-polymerase-promoter region. After conversion into double stranded
cDNA, antisense RNA is produced by in vitro transcription. The ampliﬁcation
is linear and thought to preserve the original transcript levels far better than
exponential PCR ampliﬁcation.
Van Gelder et al., 1990;
Nakazono et al., 2003
Terminal continuation Terminal continuation is a mixture of template switching and linear antisense
RNA ampliﬁcation. During ﬁrst strand cDNA synthesis either of the two
primers can bear the RNA polymerase promoter. Consequently, either sense
or antisense RNA is linearly ampliﬁed by subsequent in vitro transcription.
Ginsberg and Che, 2002
Multiple displacement
ampliﬁcation
Surprisingly, isothermal rolling circle ampliﬁcation by use of random hexamer
primers and /DNA polymerase also works with linear (genomic) DNA.
However, the DNA is ampliﬁed in a cascading, strand displacement reaction.
Dean et al., 2002
a Prior to the described strategies, the mRNA within the samples is reversibly transcribed into single-stranded cDNA.
Single cell gene expression analysis 499et al., 2002), the adaptation of this method to single-cell
samples obtained from plants is more difﬁcult. The main
reason for this is the low reproducibility (S Brandt et al.,
unpublished data), which might be caused by secondary
metaboliteswhicharemorecommoninplants.Unfortunately,
RNA extraction and puriﬁcation prior to PCR is not feasible
for these extremely small samples. Therefore, certain plant-
speciﬁc secondary metabolites may interfere with the dye
bindingortheﬂuorescencereadoutresultinginalowperform-
ance.Inordertoovercomethislimitationtheuseofalternative
ﬂuorescent dyes exhibiting different binding properties and
excitation/emission wavelengths will be helpful. In addition,
the utilization of hybridization probes rather than dyes may
answer the problem.
Following tissue ﬁxation and sectioning, RT-PCR can be
performed directly in situ omitting any further sampling
(Fig. 1). Although this technique is much more laborious
and more prone to RNA degradation than tube RT-PCR, its
major advantage is the elucidation of single gene expres-
sion proﬁles across the entire tissue section in which the
PCR is performed. Consequently, only a single reaction is
necessary to gain highly spatial resolved results (Koltai and
Bird, 2000) making it especially favourable when the gene
activity is complicated with respect to the spatial pattern.
The last method for single transcript ampliﬁcation
mentioned here is nucleic acid sequence-based ampliﬁca-
tion (NASBA). Using a sequence-speciﬁc primer, which
also harbours an RNA polymerase promoter, reverse tran-
scription is performed. After synthesis of the second strand
(by use of another sequence-speciﬁc primer) subsequent in
vitro transcription ampliﬁes one speciﬁc sequence (Deiman
et al., 2002). The method is particularly well suited for
single-stranded RNA detection. Although it has a high
impact in medical research, only a very limited number of
plant-related applications have been reported (Vaskova
et al., 2004). Interestingly, in both medical and plant
research NASBA is used in most cases for mRNA detection
of pathogens. One reason for this might be the enormous
sensitivity (ampliﬁcation factor of up to 10
9), which is even
higher than for PCR (;10
7). One reason why NASBA is
not routinely used for nucleic acid ampliﬁcation might be
that the created RNA is much more unstable and prone to
degradation compared with cDNA. But when carefully
carried out, this protocol represents a valuable complemen-
tary method for gene expression studies.
Ampliﬁcation of transcript subsets: To accelerate the analy-
sis, different transcripts can be ampliﬁed in parallel. This
is highly efﬁcient with respect to time, cost and labour.
Moreover, because fewer samples are needed, the risk of
contamination is reduced as well.
A straightforward further improvement of single-transcript
RT-PCR was the development of multiplex-PCR. Several
primerpairs,whicharespeciﬁcfordifferentgenes,areadded
inparalleltothePCRmix,containingallnecessarycompon-
entsfortheampliﬁcationreaction.Although multiplex-PCR
was adopted for expression analysis in single cancer cells
(Recchi et al., 1998), so far the smallest plant samples have
been entire ﬂowers and leaves, respectively (Ponce et al.,
2000). On the other hand, multiplex-RT-PCR has recently
been applied to plant tissue sections as an in situ method
(Pesquet et al., 2004). Because multiplex-PCR is a valuable
tool due to its parallel character and since there are no
obvious obstacles it will represent an important method for
singleplantcellanalysisinthefuture.Butasmultiplex-PCR
is technically very demanding, particularly in terms of
primer design (Henegariu et al., 1997; Elnifro et al., 2000)
and technical setup, it has to be carefully considered if
multiplex-PCR or a set of single-gene PCR reactions are to
be favoured.
A milestone in gene expression analysis was the intro-
duction of arbitrarily primed PCR/differential display
(Welsh et al., 1992; Liang and Pardee, 1992). Using these
techniques, larger numbers of genes can be monitored in
a single reaction using oligo(dT)- and arbitrary primers,
which exhibit a certain probability to anneal to a subset of
DNA molecules (Bauer et al., 1993). Consequently, only
these molecules are ampliﬁed during PCR cycling. Al-
though several improvements have been suggested
(Cheung and Nelson, 1996; Dixon et al., 1998; Menke
and Mu ¨ller-Ro ¨ber, 2001) arbitrarily primed PCR is still
sensitive to misampliﬁcation mainly due to the relatively
low annealing temperatures. This can lead to imbalances
in the observed gene expression levels (Baldwin et al.,
1999). Furthermore, the number of false positives can
increase unacceptably (Brandt et al., 2002). On the other
hand, the method exhibits some big advantages: It is easy
to carry out, does not need any specialized equipment/
reagents and requires no adaptations for small-scale
samples.
However, when 20–50 single plant cell samples were
pooled, arbitrarily primed PCR resulted in satisfying yields
and quality of ampliﬁed cDNA, (Brandt et al.,2 0 0 2 ) .B u t
bearing in mind the potentially high technical bias, this
method should be considered with caution.
Global transcript ampliﬁcation: In order to obtain a compre-
hensive view on the transcriptome present in cells at a given
time, multiparallel analysis is necessary. For this, global
ampliﬁcation of all transcripts is desirable. This decreases
the number of required samples and, therefore, further
reduces labour, time, and expense.
PCR-based protocols need to overcome the problem of
unknown39-endsofcDNAﬁrststrands.Togetuniversal39-
sequences, which can serve as primers in combination with
the oligo(dT)-stretches at the 59-ends, different strategies
have successfully been applied: (i) ‘homomeric tailing’, (ii)
adaptor ligation, and (iii) ‘template switching’.
(i) ‘Homomeric tailing’. The enzyme deoxynucleotidyl-
transferase can synthesize several nucleotides of the same
500 Brandttype to any 39-end of ﬁrst strand cDNA. The homomer’s
complementary sequence and the oligo(dT)-sequence can
be used as primers in subsequent PCR reactions. Tailing
was used not only for animal samples (Klein et al., 2002),
but also to amplify the mRNA from 128 maize egg cell
protoplasts for generation of a cDNA library (Dresselhaus
et al., 1994).
(ii) Adaptor ligation. DNA linkers are ligated to the
unknown 39-ends of cDNA molecules. As a result, these
adaptor sequences combined with oligo(dT)-primers serve
as primers in the PCR reaction. However, the generation of
cDNA libraries from as little as ﬁve pooled mesophyll cells
(Gallagher et al. 2001) or individual epidermal and guard
cells, respectively, was accomplished (Karrer et al., 1995).
Tailing and adaptor ligation methods have to be em-
ployed with caution as they involve a series of washing
steps, which might result in a loss of considerable amounts
of starting material as well as contamination of the samples.
These serious problems can be partially overcome by using
oligo(dT)-primers during reverse transcription, which are
bound to (magnetic) beads (Karrer et al., 1995; Gallagher
et al., 2001). Another point to be considered is, that during
PCR shorter cDNA molecules are more efﬁciently ampli-
ﬁed then longer ones (Phillips and Eberwine, 1996; Luo
et al., 1999) which changes the transcript representation.
This limitation can be compensated by restricting the length
of all cDNA ﬁrst strands to a few hundred nucleotides
during reverse transcription (Iscove et al., 2002).
(iii) ‘Template switching’. This strategy is based on the
attachment of some cytidine nucleotides to nascent cDNA
ﬁrst strands by reverse transcriptase. These act as binding
sites for a second [39-(dG)n containing] primer, which is
subsequently used as template instead of the mRNA
(‘template switch’). The ﬁrst strand cDNA is extended to
the end of the primer and its complementary sequence
serves as second primer in downstream PCR reactions. The
protocol has been already used for large plant samples
(Voelckel and Baldwin, 2003) and also on samples as small
as 145 pooledleaf protoplasts (Ivashikina et al.,2003).This
method overcomes the danger of losing starting material
and introducing contamination because it omits puriﬁcation
steps with the repeated opening of reaction tubes. But the
resulting cDNA molecules still have different lengths and,
therefore, inﬂuence the transcript representation after PCR
(see above; Phillips and Eberwine, 1996; Luo et al., 1999).
It has to be pointed out, that one serious problem of all
PCR-based methods cannot be overcome, which is the so
called ‘Monte Carlo’-effect (Karrer et al., 1995). This effect
is caused by small and random differences in ampliﬁcation
efﬁciencybetweenPCRtemplates.Itdramaticallydecreases
the reproducibility especially when small and complex
template mixtures are needed for ampliﬁcation (Karrer
et al., 1995). Therefore, a non-PCR-based method is
strongly recommended to get comprehensive, unbiased
ampliﬁcation of all transcripts in parallel.
Even though the method for linear antisense RNA
ampliﬁcation has been already reported by Van Gelder
and colleagues in 1990, it took about one decade to use it in
plant-related research. This excellent technique makes use
of an oligo(dT)-primer for reverse transcription, which
harbours an RNA-polymerase promoter region. After cre-
ation of the complementary second strands and two rounds
of invitro transcription the enrichment can be as high as 10
6
(Phillips and Eberwine, 1996). One of the major advantages
of antisense RNA ampliﬁcation is its linear ampliﬁcation
character. This results in excellent preservation of quanti-
tative information compared with PCR-based ampliﬁca-
tion. Furthermore, the need for creating known 39-ends on
all cDNA molecules is bypassed.
This method has been used to amplify mRNA of micro-
dissected tissues from human cancer (Ohyama et al., 2000),
animal neurons (Luo et al., 1999), as well as rice phloem
cells (Asano et al., 2002) and maize epidermis/vascular
tissue (Nakazono et al., 2003). Moreover, the method has
already been successfully applied in animal single cell
analysis (O’Dell et al., 1998). The ﬁrst reports on the
application of this method for single cells from plants is
expected soon, since this method represents by far the
highest potential for tissue-speciﬁc analysis as it circum-
vents the inherent technical bias and limitations of global
PCR-based approaches.
The other protocols mentioned in Table 2 [terminal
continuation (Ginsberg and Che, 2002) and multiple
displacement ampliﬁcation (Dean et al., 2002)] have great
potential, but still need to be adapted to (pooled) single-cell
analysis. Once this is done, these methods might become
signiﬁcant tools in single-cell gene expression analysis in
all ﬁelds of research.
Analysis after ampliﬁcation
Due to ampliﬁcation, the transcripts of interest are enriched
to a level at which they can be detected using common
laboratory protocols. If only a single or a few transcripts
were ampliﬁed, most often agarose gel electrophoresis and
ethidium bromide staining provide sufﬁcient mass discrim-
ination and sensitivity. For the detection of low abundance
mRNAs or when a low yielding DNA polymerase was
used, direct product labelling and detection (Dresselhaus
et al., 1994; Brandt et al., 1999) or cDNA blot hybridiza-
tion (Lu et al., 2002) may be necessary for visualization.
Alternatively, the PCR products can be detected by highly
sensitive capillary electrophoresis using a dye and laser-
induced ﬂuorescence detection (Liu et al., 2004).
PCR products ampliﬁed by arbitrarily primed PCR
consist of complex mass mixtures. Polyacrylamide gels
areusefulfortheirseparationashundredsofbandsandmass
differences of single nucleotides can be resolved. Once
differences between two pools of mRNA are identiﬁed,
subampliﬁcation, cloning, and sequencing of differentially
Single cell gene expression analysis 501displayed bands are required to reveal the identity of the
transcripts (Bauer et al., 1993).
A similar situation is found when the ampliﬁed tran-
scripts are cloned into cDNA libraries. Two (or more)
libraries need to be compared by methods such as colony
hybridization or subtractive library hybridization followed
by cloning and sequencing of the differentially expressed
clones.
The emergence of microarray hybridization has revolu-
tionized the detection of differences in complex cDNA
mixtures (e.g. after arbitrarily primed PCR or linear anti-
sense RNA ampliﬁcation). The time-consuming and cum-
bersome cloning/sequencing steps have become redundant.
Onceampliﬁed,PCRproductscanbelabelled,hybridizedto
arrays and the differentially expressed genes can be identi-
ﬁed directly (Brandt et al., 2002; Nakazono et al., 2003).
Applications
In plant research, the number of publications in tissue-
speciﬁc and single-cell analysis is still small compared with
animal and human research. Most of the reports present
introductions of new methods and proofs of their concepts.
Exceptions, of course, are in situ RT-PCR, in situ hybrid-
ization as well as promoter–reporter gene studies, which
have been widely used for a comparatively large number of
genes and environmental conditions.
Rausch et al. (2004) isolated the low-afﬁnity orthophos-
phate (Pi) transporter Pht2:1. To analyse its expression
pattern they transformed potato and A. thaliana plants with
the GUS reporter gene under the control of a 2 kbp
fragment of the Pht2;1 promoter. As a result the reporter
gene exhibited quite a complex expression pattern. For
example, expression was observed throughout leaf meso-
phyll, in central cylinder regions of growing lateral roots,
and several tissues of ﬂowers depending on the develop-
mental stage and age of the plant. These ﬁndings demon-
strate that reporter genes are a versatile tool for analysis of
genes with complex spatial and temporal expression. In
order to analyse the subcellular localization of this trans-
porter in leaf mesophyll, plants were transformed with
chimeric Pht2;1-GFP constructs, and it could be shown that
the gene product was localized in plastids.
Theoccurrenceofphotosynthesis-relatedgenetranscripts
in leaves is known. However, Lu et al. (2002) investigated
the expression of sucrose:fructan fructosyltransferase,
Rubisco,achlorophylla/bbindingprotein,andactininmore
detail. To this end, they analysed whole leaf RNA and, in
parallel, pooled epidermal, mesophyll, and parenchymate-
ous bundle sheath cells of Hordeum vulgare plants which
were sampled by glass capillaries during the day and night.
In all experiments they could clearly demonstrate the light-
independent and constitutive expression of actin. Therefore
theyuseditasacontrol.Attheleaflevel,allphotosynthesis-
related genes showed higher expression levels in the light
whereas the expression in the different cell types exhibited
a higher complexity. Under light conditions the chlorophyll
a/b binding proteinwas equally expressedin mesophyll and
bundle sheath cells, but not in epidermal cells. Rubisco
showedasimilarexpressionpattern,butitsexpressioninthe
bundle sheath cells was weaker than in the mesophyll. By
contrast, sucrose:fructan fructosyltransferase expression
was almost exclusively restricted to mesophyll cells and
exhibited a stronger light induction than the other genes.
The comparison between the whole leaf and cell-type-
speciﬁc experiments demonstrates once more the import-
ance of highly spatially resolved analysis as well as the
potential of speciﬁcally primed RT-PCR.
In ‘patch-catch’ experiments, the electrophysiological
properties and the gene expression of the same individual
cell can be determined. Firstly, patch-clamp measurements
on a protoplast are performed. After identifying a particular
transporter and characterizing its properties, the protoplast
is aspirated into the patch pipette, transferred to a reaction
tube and subjected to mRNA ampliﬁcation and analysis
(Gehwolf et al., 2002). This strategy combines electro-
physiological with molecular biological analysis on the
same individual cell. Consequently, cell-to-cell variation is
excluded from the integration of the results. The general
importance of single-cell analysis was illustrated by ﬁnding
a relatively high variability in the expression of an H
+-
ATPase in pollen grains. If (relative) quantitative RT-PCR
would be applied instead of single-gene RT-PCR, even the
expression levels of the respective gene could be deter-
mined (Lu et al., 2002).
Using laser capture microdissection and linear antisense
RNA ampliﬁcation, gene expression in epidermal cells and
thevasculartissueofmaizeplantswascompared(Nakazono
et al., 2003). Roughly 250 genes were identiﬁed that exhi-
bited a differential expression pattern. Amongst the prefer-
entially epidermis-expressed genes several were found
which are involved in the shikimate and other secondary
metabolites generating pathways. By contrast, in vascular
tissue, genes were found with high expression levels which
belong to transporters, aquaporins, metal homeostasis, and
other gene families. This work combines the most powerful
methods in sampling and ampliﬁcation, which will play
a major role in future experiments.
Conclusions and outlook
In summary, different sampling strategies are at hand which
result in tissue-speciﬁc or even single-cell samples. Com-
bined with suitable analysis methods, which have been
designed to work even on sub-nanolitre/sub-picogram
samples, highly spatially resolved gene expression data
can be obtained. The crucial point in planning an experi-
ment is the required spatial resolution. The ﬁner the scale
the more technically demanding is the analysis. Therefore,
the extent of spatial resolution, as well as the advantages
502 Brandtand disadvantages of the different analysis protocols, have
to be considered carefully for each type of experiment.
The future will bring not only many more applications of
single-cell technologies in nearly all ﬁelds of plant physi-
ology, but also a further development of methods to
perform the analysis. One promising example is the use
of capillary electrophoresis for transcriptomic studies
(Zabzdyr and Lillard, 2001; Li and Yeung, 2002).
Gainingmorecell-type-speciﬁcinformation willleadtoa
much better understanding of plant physiology in such
diverse areas as primary and secondary metabolism, devel-
opment, cell-to-cell communication, pathogen defence, or
abioticstressresponse.Furthermore,singlecellanalysiscan
help to target transgenes to the ‘right’ cell type. Conse-
quently, unwanted (toxic) side-effects can be avoided. All
this will further increase an understanding of life’s com-
plexity.Themajorchallengefortheexperimenterwillbethe
integration of all the new information for improving under-
standing of how cells, tissues and plants are functioning.
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